Abstract-We review the current status of the development of accelerator sources of epithermal neutrons for boron neutron capture therapy (BNCT), a promising method of malignant tumor treatment. Particular attention is given to the source of epithermal neutrons on the basis of a new type of charged particle acceler ator: tandem accelerator with vacuum insulation and lithium neutron producing target. It is also shown that the accelerator with specialized targets makes it possible to generate fast and monoenergetic neutrons, reso nance and monoenergetic gamma rays, alpha particles, and positrons.
INTRODUCTION
According to the World Health Organization, can cer incidence has been steadily increasing and leads to significant mortality. Drug development and treat ment of malignant tumors is an important and hitherto not solved scientific problem. Boron neutron capture therapy (BNCT) is a promising approach in the treat ment of a variety of malignant tumors, especially intractable brain tumors, exerting extremely effective selective impact directly on cancer cells.
BNCT is a binary form of radiation therapy that uses a unique high ability of non radioactive boron 10 nucleus to absorb thermal neutrons. The cross section of this absorption reaction is 3837 b. The absorption of the neutron by the 10 B nucleus leads to an instant nuclear reaction 10 B(n,α) 7 Li with an energy release of 2.79 MeV. In 6.1% cases, the energy is distributed only between the nuclei of lithium and α particles, in 93 .9% of cases the lithium nucleus is emitted in an excited state and emits a γ quantum with an energy of 0.48 MeV (Fig. 1) . The products of the nuclear reac tion, namely the nucleus of lithium with an energy of 0.84 MeV and α particle with an energy of 1.47 MeV, are characterized by high stopping power (averages 162 and 196 keV μm -1 , respectively) and a small range of these particles in water or in the body tissues-5.2 and 7.5 microns, respectively (the size of typical mam malian cell). The stopping power of γ quantum is sig nificantly lower-0.3 keV μm -1 . Therefore, the main part of the energy release in the nuclear reaction Li, namely 84%, occurs within a single cell. Therefore, selective accumulation of boron 10 in the tumor cells and subsequent irradiation with neutrons should lead to the destruction of tumor cells with rel atively little damage to the surrounding normal cells. This basic idea of BNCT was formulated by Locher in 1936 [1] , soon after the discovery of the neutron by Chadwick [2] and the description of Taylor and Gold haber the reaction 10 B(n,α) 7 Li [3] .
The first neutron irradiation of tumor fragments with boric acid was conducted in 1940 by Kruger [4] . In 1951, an important result was obtained by Sweetselective accumulation of boron in the tumor cells of the patient was established [5, 6] . From that time a clinical application of BNCT has began.
In accordance with the introductory article by Sauerwein in a recent book on the neutron capture therapy [7, p. 3] , one can discriminate four periods in the development of the BNCT technique.
The first period is associated with early clinical tri als conducted in the United States from 1951 to 1961 on nuclear reactors in Brookhaven and at MIT [8, 9] . These tests did not show therapeutic efficacy of the used method in [10, 11] . The reason had to do with a poor selectivity and low concentration of boron, due to which a "background" radiation with recoil protons and γ rays as a result of reactions 14 N(n,p) 14 C and 1 H(n, γ) 2 H was relatively large.
The second period is associated with the pioneer ing works by Hatanaka and co workers, held in Japan from 1968 to the end of the 1980s. Hatanaka began to apply an intra arterial injection of borocaptate sodium (BSH, Na 2 B 12 H 11 SH) enriched by the 10 B isotope, synthesized by Solovay [12] . He conducted an open exposure of the tumor after surgery and has achieved impressive results: the 5 year survival rate was 58% for the group of patients with malignant gliomas of grades 3 and 4 [13] . In 1987, Mishima carried out the surface treatment of malignant melanoma, using the boronphenylealanine enriched by the 10 B isotope in optically isomeric form L (BPA, (HO) 2 10 B-C 6 H 4 -CH 2 CH(NH 2 )-CO 2 H) [14] .
These results gave the impetus to the third period of the neutron capture therapy: clinical trials of deep intracerebral tumors using epithermal neutron beams from nuclear reactors. The therapy of patients was conducted in Brookhaven [15] and Cambridge [16] in the US, in the Netherlands [17] , Finland [18] , Sweden [19] , Czech Republic [20] , Japan [21] , Argentina [22] , and Taiwan [23] . BNCT has been extended to other diseases, such as the neck malignant tumor [24, 25] , meningioma [26] , pleural mesothelioma [27] , and hepatocellular carcinoma [28] . Despite the efforts and scientific progress, internal problems led to a serious crisis. Until now, only the nuclear reactors were able to produce the required epithermal neutron beams. However, the functioning of these systems is highly dependent on policy support, and for various reasons they discontinued the therapy conducting, except the THOR reactor (Taiwan) and the nuclear center at Bar iloche (Argentina). All these actions were only caused because of political and economic reasons, and not clinical outcomes. Currently, research on BNCT inev itably trigger a new period associated with the use of particle accelerators to produce the beams of epither mal neutrons. The first discussions and suggestions to design accelerator BNCT sources fall at the end of the 1980s to the early 1990s, as a result of the progress reached in the methodology of clinical trials at nuclear reactors. This subject is currently of particular rele vance due to the closure of almost all the nuclear reac tors used for clinical trials of BNCT. Of additional importance to the concept of BNCT accelerator is the fact that the resulting neutron beams can provide a better quality of therapy than the nuclear reactor beams. Over the past 25 years numerous projects of accelerator neutron sources were proposed, but because of the complexity of the problem quite a small number of them can be implemented in the near future.
The main requirement for the therapeutic beam of neutrons is often the following: the flux of epithermal neutrons has to be higher than 10 9 cm -2 s -1 , so that the duration of therapy would be shorter than an hour. Epithermal neutrons are those having the energies in the range from 0.5 to 10 keV. Using epithermal neu trons is caused by the necessity to maximize the den sity of thermal neutrons at the depth of location of the tumor. In the therapeutic beam, the flows of slow neu trons, fast neutrons, and γ rays can be present. Slow neutrons lead to higher non localized dose as a result of absorption by nitrogen and hydrogen with emission of a proton and γ quantum, respectively. Elastic scat tering of fast neutrons on nuclei (mostly hydrogen) leads to the formation of the recoil protons and makes a significant contribution to the dose at the surface. Since it is impossible to completely get rid of fast neu trons and γ radiation, it is recommended to limit their contributions to a dose magnitude of 2 × 10 -13 Gy per one epithermal neutron. These requirements were for mulated after analyzing the results of clinical testing of methodology, conducted on nuclear reactors and for mulating the recommendations for accelerator neu tron sources.
Over the last decade a significant progress has been achieved in development of the accelerating concept of BNCT, particularly in optimization of beam shap ing assembly, and there is a better understanding of what is required. It became clear that the term "epith ermal neutrons" needs to be clarified. There is a too wide range of neutron energies, so that they all could not be optimized for BNCT. This awareness was reflected in recently published book on the neutron capture therapy. In the chapter on accelerators, A. Kreiner repeats the statement of the need for using PHYSICS OF PARTICLES AND NUCLEI Vol. 46 No. 6 2015 TASKAEV epithermal neutrons, but specifies that "the perfect spectrum corresponds to the range centered near the top of the range," i.e., 10 keV [7, p. 43] . In the next chapter of the same book, Leung makes a similar statement but in somewhat different words: ideal for BNCT are the neutrons with energies from 1 to 30 keV [7, Fig. 4 .11 at p. 65]. The spectrum and neutron flux density by them selves are not the ultimate goals of research. For ther apy, the important values are the dose, the therapeutic ratio and the depth of therapy, which depend not only on the beam parameters but also on the concentration of boron in the tumor and normal tissues. It is these parameters which can determine the quality of treat ment. Therapeutic ratio (advantage ratio AR) is the ratio of the maximum dose rate in tumor and in nor mal tissues. The depth of therapy (advantage depth AD) is called the distance between the irradiated sur face and the tumor in which the dose exceeds the max imum dose for normal tissues in the bulk. Neutron beams from nuclear reactors could produce a dose rate of 0.2-2 Gy/min, a therapeutic ratio of 4-6 and a depth of therapy from 8 to 9.7 cm with boron concen tration of 18 and 65 ppm, respectively, in normal tis sues and tumors [7, p. 30] . Thus, the requirement to the accelerator neutron sources is formulated as fol lows: the dose should be at least 1 Gy/min, the depth of treatment not less than 8 cm, and a therapeutic ratio of at least 4.
The paper presents an overview of accelerator neu tron sources for BNCT and the details of studies on the development of a neutron source in BINP based on an original tandem accelerator with vacuum insu lation. At the end of the review we briefly discuss pos sible applications of the accelerator for other purposes.
NEUTRON EMISSION REACTIONS
In clinical trials of BNCT, nuclear reactors are used as the neutron sources. In these reactors, the reaction of 235 U fission is used and induced by ther mal neutrons. The energy spectrum of neutrons emitted is well described by the distribution F(E) = [7, p. 43] . The spectrum extends to 10 MeV, and has a mean energy of around 2 MeV. During BNCT, neutron moderation is per formed using a beam shaping assembly comprising the moderator, reflector, absorber, and filters.
For obtaining neutrons by means of the beams of charged particles, nuclear reactions involving the nuclei with loosely bound neutrons are commonly used. There are two types of reactions from the ener getic point of view. Exothermic reactions require a minimum kinetic energy of particles. A typical exam ple is the d d reaction, as a result of which the neutron and tritium are formed. The energy yield of this reac 0.77 E -0.775E ( ) exp tion is 3.265 MeV. This means that the neutron formed has an energy of 2.451 MeV when the energy of deu teron is neglected and a higher energy if this energy is taken into account. One can see that the neutron energy is even greater than the mean energy of neutron in the nuclear fission reaction. Another type of reac tion is called endothermic and it requires minimal threshold energy of particles. Near the threshold the neutron energy is very small, so that the use of neu trons for BNCT is very effective.
The main reactions of the neutron generation are the following [29] :
Figures 2 and 3 show the cross sections of the main reactions [30] . The neutron yield is shown in Fig. 4 , and the main parameters of these reactions are pre sented in Table 1 [31, 32] .
In [31] it has been noted that the most attention is being focused on the following four reactions: 7 Li(p,n) 7 Be, 9 Be(p,n) 9 B, 9 Be(d,n) 10 B, and 12 C(d,n) 14 N. The best of these reactions was recognized as the reaction 7 Li(p,n) 7 Be due to the maximum yield and minimum energy of neutrons. However, creating lithium target seemed to be problematic due to a low melting tem perature, low thermal conductivity, high chemical reactivity of lithium, and because of production of 7 Be radioactive isotope. After 10 years, A. Kreiner in his review on accelerator neutron sources emphasizes [7] that only three reactions providing the generation of neutrons with energies lower than that obtained in the nuclear reactors should be considered. This concerns the threshold reactions 7 Li(p,n) 7 Be, 9 Be(p,n) remaining two the attractiveness of the reaction 7 Li(p,n) 7 Be is still recognized, but it has been noted that all the problems of lithium target were already solved. Reaction Be(p,n) 9 B can be also used, but a higher energy of protons is required to reach the com parable flux, which inevitably causes an increase in the energy of neutrons. Figure 2 shows the cross sections of reactions 7 Li(p,n) 7 Be and 9 Be(p,n) 9 B. We can see that the cross section of the former reaction is three and more times higher than for the latter reaction. Thus, the most effective method of creating the neu tron flux for BNCT is the use of reaction 7 Li(p,n) 7 Be.
CHARGED PARTICLE ACCELERATORS FOR BNCT
First discussions and suggestions for creating accelerator BNCT sources were carried out at the end of the 1980s to the early 1990s [33] [34] [35] [36] [37] [38] . We will discuss some of them. At the Massachusetts Institute of Tech nology (Boston, USA), Van de Graaff tandem acceler ator LABA was built with stripping foil [39] , and a 1 mA proton beam with an energy of 1.5 MeV was pro duced [40] . The disadvantage of the LABA accelerator is a short lifetime of the stripping foil (a few mA h) and relatively low proton energy. The project of linear [47] . For many years it has been used for physical experiments.
Among the projects of the first decade of the 21st century, the following should be noted. An elec trostatic quadrupole tandem accelerator to obtain a 2.5 MeV proton beam with a current of 20-30 mA [48, 49] is being developed at the Institute of Science and Technology, San Martin (Argentina). The success of the project is rather probable, but the accelerator will be more suitable for research purposes than for the introduction of BNCT into clinical practice. A giant project is being developed in Legnaro (Italy) to obtain exotic radioactive ion beams by irradiation of Y, 1/μC
Be(p,n) Fig. 4 . Dependence of the neutron yield on the ion energy for several reactions. 5 MeV 30 mA proton beam in various applications, including BNCT, a beam deflection system is foreseen in the accelerating section [50] . The beryllium target is used for generating fast neutrons [51] . In the summer of 2014, a protocol of intent was signed providing for the establishment of the BNCT center in Pavia (Italy), equipped with a 2.5 MeV 20 mA proton accelerator manufactured by GT Advanced Technologies (Den ver, Canada) [52] . On June, 10 2014, however, the company declared bankrupcy. Significant efforts to implement BNCT into clini cal practice have been undertaken in Japan. The first major step was taken by Ichigaya TRS (Japan), which in March 2005 signed a contract for 2 years with the Ion Beam Application company (Belgium) for the manufacture and commissioning of the world's first accelerator source of epithermal neutrons. Under the contract, the center had to be put into operation in Osaka in 2007. The company IBA, known as a global manufacturer of cyclotrons for producing short lived isotopes for positron emission tomography, proposed the use of Dinamitron as an accelerator, which allows one to produce a proton beam with an energy of 2.8 MeV and a current of 20 mA. The execution of the contract was halted by mutual consent of the parties due to difficulties constructing the accelerator there. But despite termination of the contract, the studies at Dinamitron were continued [53] and in 2013 an agree ment was reached on the delivery of the accelerator with a current of 15 mA at the University of Nagoya (Japan) [54] .
The second project in Japan, funded from May 2005 to March 2008, was ERIT: a circular storage ring with a proton energy of 10 MeV and a current of 70 mA, with internal beryllium target [55, 56] . Although the completion of construction of the facil ity at the University of Kyoto (Japan) [57] was announced, at present there is no information on the continuation of the BNCT program. Perhaps this is due to the realization that one cannot get a neutron beam that meets the requirements of BNCT, particu larly in the density of the flux.
The third project in Japan for Research Reactor Institute of Kyoto University (KURRI) was started in July 2007. A HM 30 cyclotron [58] with the beam shaping assembly has been designed, manufactured, installed, and commissioned in KURRI by the Com pany Sumitomo Heavy Industries, Ltd. A proton beam with a designed current of 1.1 mA and an energy of 30 MeV was obtained at the cyclotron weighing 60 t. As a result of the beam dump onto the beryllium tar get, the neutrons with energies up to 28 MeV are emit ted. Further on, they are slowed down by the beam forming system creating epithermal neutron flux with an intensity of 1.2 × 10 9 cm -2 s -1
, which is two times higher than with previously operating reactor at the University of Kyoto, where 275 tests of BNCT were carried out [59] . Despite reaching the design parame ters, the therapy was not carried out at the facility, since the generated neutron flux does not satisfy the BNCT requirements. This may be due to the presence of significant component of fast neutrons.
Currently, the University of Tsukuba in partnership with Mitsubishi Heavy Industry Co. and scientific organization KEK is constructing an 8 MeV 5 mA linac with the beryllium target [60] . This is done in the Japanese city of Tokai at the place where clinical trials of BNCT at the JRR 4 JAEA reactor were conducted previously.
A potentially attractive project is being developed by the Cancer Intelligence Care Systems for the National Cancer Center in Tokyo [61] . In January 2013, the company AccSys Technology, Inc. (Califor nia, USA-subsidiary of Hitachi) signed an agree ment for the manufacture of a 20 mA 2.5 MeV linac. Use of the target with thin layer of lithium on palla dium substrate is planned for the neutron generation.
TANDEM ACCELERATOR WITH VACUUM INSULATION
In 1998, a project of accelerator neutron source for BNCT was proposed, having three main ideas (Fig. 5 ) [62] . The first one was aimed at manufacturing a new type of tandem accelerator with vacuum insulation of electrodes for obtaining a high current proton beam. The second idea concerns the choice of reaction of neutron generation. Despite a low melting point, low thermal conductivity, and high reactivity of lithium, the 7 Li(p,n) 7 Be reaction should be used, since it is most efficient to produce epithermal neutrons. The third idea was in trying to apply a near threshold neu tron generation mode for therapy. In this case, because of the kinematic collimation, the generated neutrons are emitted predominantly forward and have a rela tively low energy of about 40 keV. Figure 6 shows a photo of the tandem accelerator with vacuum insula tion, while its schematic diagram is shown in Fig. 6 [63, 64] . To generate the beam of negative hydrogen ions with a current up to 5 mA and energy up to 23 keV, a source 1 developed by Y. Belchenko [65, 66] is used. This is a surface plasma source using the Penning dis charge with hollow cathodes. The negative hydrogen ion beam coming from the source is bent through an angle of 15° in a magnetic field. Further on, the beam is focused by a pair of magnetic focusing lenses, injected into accelerator and accelerated up to 1 MeV. In stripping gaseous target 7 mounted inside high voltage electrode 2, negative ions of hydrogen are con verted into protons, which are then accelerated by a potential of 1 MV (the same potential) to an energy of 2 MeV and transported towards the neutron generat ing target. Two pairs of quadrupole lenses with the magnetic field gradient up to 400 Gs/cm are mounted in the high energy beam transporting channel with a field length of 20 cm, and a bending magnet (90°) with a bending radius of 45 cm, an intensity of the magnetic PHYSICS OF PARTICLES AND NUCLEI Vol. 46 No. field ~3 kG, and a decline index of 0.5. The magnetic scanning system performs the beam scanning over the target by using a uniform magnetic field with a strength of 500 Gs at a length of ~20 cm, rotating at a frequency of 100-2000 Hz [67] (not shown). The voltage is fed from high voltage power supply 10 (the larger part is not shown) on high voltage electrode 2 and five intermediate electrodes of accelerator 6 through bushing 8 and 9, in which the ohmic divider is mounted. As the source of high voltage power supply, a rectifier of an ELV industrial electron accelerator (developed, and manufactured at BINP)-which is being widely used in process applications in many industrial enterprises and companies in Russia and abroad-is used [68] . Gas pumping is carried out by a turbo pump mounted near the ion source and at the exit of accelerator, and using cryogenic pump 4 through the blinds of electrodes 3. Diameters of the vacuum tank and the high voltage electrode of accel erator are 1400 and 600 mm, respectively.
A vacuum part of bushing ( Fig. 8) , made of 24 glass ring vacuum tightly contracted isolators with a diameter of 400 mm and a height of 35 mm, is made by using intermediate electrodes and sealing made of indium (rubber sealing from 2012). The gas eous part of the isolator, located in the tank of high voltage rectifier, is composed of 14 ceramic rings with a diameter of 400 mm and a height up to 60 mm, glued to their electrodes. The tube which compacts two parts into a single bushing with a force of 5 tons is located on the axis. The inner part of bushing is filled with sulfur hexafluoride (SF 6 ) at a pressure up to 0.3 MPa; the pressure in high voltage rectifier tank is up to 0.8 MPa.
Resistive divider located around the gaseous side of the bushing distributes the high voltage potential over the intermediate accelerating electrodes through the elec trodes of gaseous isolator, metal thin walled pipes coaxially arranged inside the isolator, and electrodes of the vacuum isolator. The potential is distributed on the electrodes of vacuum isolator which are not connected electrically with coaxial tubes by using the resistors located inside the vacuum section of bushing. 
TASKAEV
In this tandem accelerator with vacuum insulation, the accelerating tubes as such are absent. The insulator is removed from the beam path of acceleration for a considerable distance, that, along with the implemen tation of gas pumping through the blinds of the elec trodes outside the accelerating gap, gives us a hope for obtaining a high current proton beam. The accelera tor has a high rate of acceleration of charged particles, but there are two specific problems.
The first problem stems from the fact that high energy is stored in the accelerating gaps due to the large area of electrodes. High voltage strength of the centimeter vacuum gaps was further investigated, since it was known that the breakdowns with released energy of more than 10 J lead to a drop in the strength of the high vacuum millimeter gap [69] . It was found that the breakdowns with stored energy up to 50 J do not reduce the high strength of 45 mm gap, and until the electric field strength reaches a value of 60 kV/cm, the dark current value is acceptably small [70] . These results together with the results of the examination of the dynamics of high voltage breakdown elements [71] served as the basis of design of the accelerator with an energy stored in the gap up to 30 J and a field strength of 25 kV/cm. As a result of the training of all gaps using a specially made device, the required volt age of the accelerator (1 MV) was obtained [72] . The behavior of the dark current was studied and its reduc tion to an acceptable level by means of long exposure under the voltage was carried out [73] . Detailed results of the study of the high voltage strength of tandem accelerator with vacuum insulation are presented in the thesis by Sorokin [74] .
The second specific issue is the rapid rate of accel eration of ions, due to which the input electrostatic lens of accelerator is too strong. It was necessary to refocus the injected beam of negative hydrogen ions with an energy of around 21 keV before the accelerator entrance lens in order to accelerate it with a rate of 25 keV/cm in the narrow accelerating channel. In the design of the ion optical path, different methods of injection of the ion beam into accelerator were dis cussed, and it was decided to use the magnetic lenses [75] . To study the injection, a multichannel detector of the beam was made and installed in front of the inlet of the first accelerating electrode of accelerator (Fig. 9) . Measurements of the beam current profile depending on the current of magnetic lenses were carried out, which allowed us to determine the transverse ion tem perature at the plasma boundary source: about 1 eV. It was found that total compensation of spatial charge is implemented in the transporting channel [76, 77] . The result is the implementation of the injection of the beam of negative hydrogen ions into accelerator and its acceleration without significant losses.
In the design of the accelerator, different types of stripping targets were considered and the gas target has been chosen [78] . It is made in the form of cooled cylindrical copper tube of 400 mm length with an inner diameter of 16 mm with the inflow of the argon in the middle and installed inside the high voltage electrode on the bushing. The gas supply into the tar get is performed using a five liter bottle placed in the electrode of high voltage power supply through the buffer volume in which the gas flow rate is controlled by opening an electromechanical valve. The gas enters into the stripping target from the buffer volume through precision needle valve and a tube with a length of 2 m and an inner diameter of 4 mm located inside the bushing. The characteristic time of gas outflow is 500 s. Stripping of the negative hydrogen ions into the protons is studied experimentally by measuring the beam current at the exit of the accelerator when changing gas injection rate into the target. A good agreement between the experimental and calculated data was found [79, 80] . A method of calibrating the stripping gas target is proposed and implemented, based on the measurement of gas inflow at which the proton current is equal to the current of non recharged negative hydrogen ions at the exit of the accelerator.
These investigations enabled us to significantly increase the proton beam current. In the initial exper iments, the characteristic value of current was 100-200 μA [81, 82] . Currently, the proton beam with a current up to 1.6 ± 0.007 mA in the long stable mode (over 1 h) is obtained ( Fig. 10 ) [83] . The beam is char acterized by the high stability and high energetic monochromaticity of current: 0.1%. The monochro maticity was measured by two methods. In the first method, the generation of 9.17 MeV γ quanta from the reaction 13 C(p,γ) 14 N is performed when dumping the proton beam with an energy of 1.747 MeV onto a graphite target enriched in the isotope of carbon 13. The rate of γ quanta counting depending on the pro ton beam energy was measured by using a BGO γ spectrometer. Since the resonance of γ quanta pro duction is very narrow (±0.9 keV [84] ), the slope of the excitation curve is entirely determined by the instabil ity of proton energy. According to this curve, the energy spread of protons is ±2 keV. In the second method, the long term stability of the proton beam energy was assessed by measuring the neutron spec trum with the help of time of flight technique: its value turned out to be better than ±5 keV [85] . The proton beam energy is measured using the resistive voltage divider of high voltage power supply. For divider calibration, the threshold reactions 13 C(p,γ) 14 N and 7 Li(p,n) 7 Be are used. The accelerator enables researchers to obtain a proton beam with an energy from 600 keV to 2 MeV. To conduct the therapy, the proton beam current should be of at least 3 mA. The attempts to increase the proton beam current due to injection of the beam of negative hydrogen ions with a current of 2 mA or due to higher gas inflow rate onto the stripping target led to frequent breakdowns of the accelerator by the full volt age, making it impossible to obtain stable proton beam. An increase in the current through the acceler ating gap was found with increasing gas inflow onto the stripping target and a growth in the absorbed dose rate of bremsstrahlung ( Fig. 11 ) [86] . It turns out that gas delivery to the stripping target during injection of a 1.55 mA beam of negative hydrogen ions leads to an increase in the current in the accelerating gap by 500 μA with unhooked cryogenic pump (and by (250 μA with enabled cryogenic pump) and an increase in the dose rate of bremsstrahlung by three times.
Using a special detector fabricated in the form of two concentric annular discs and mounted at the accelerator entrance by the side of high voltage elec trode, a flow of positive ions towards the injected ion beam was registered at the periphery, and its growth with increasing gas inflow to the stripping target. As a result, it was established that the ionization of residual and stripping gas by the ion beam (mainly) at the accelerator entrance and penetration of the portion of positive argon ions emitted from the stripping target into the accelerating gap of the channel lead to the appearance of a current accompanying the beam of ions [86] . This current contributes to the breakdowns of accelerator caused by the total voltage. When the cryogenic pump is turned off, it is possible to provide a 50% stripping of the beam without breakdowns. When the cryogenic pump is turned on, the magnitude of an accompanying current reduces by approximately two times and allows one to obtain 90% stripping of the beam. A further increase in the current of the proton beam is possible while improving the vacuum condi tions in the accelerating gap by the planned installa tion of an additional cryogenic pump at the entrance flange of the accelerator and modification of the strip ping target. Modification of the target aims at reducing the gas flow, ultraviolet radiation, and the flow of pos itive argon ions into the accelerating gap. Modifica tion of the target assumes that it shifts upwards or tilts relative to the beam line using permanent magnets arranged in the space between the diaphragms of the high voltage electrode and the ends of the tube with stripping target, as well as the implementation of dif ferential pumping by the installation of turbo pump inside the high voltage electrode [87] .
NEUTRON GENERATING TARGET
Different types of lithium neutron generating tar gets were examined: jet like, ribbon like, spherical, volume, rotating, and stationary [88] [89] [90] [91] [92] . In accor dance with the requirements of high neutron flux and spectral characteristics, the necessity of patient posi tioning near the neutron production region and the usage of a minimum amount of structural material in the target unit become important. When selecting the final design of the target for practical implementation, it was taken into account not only its complexity, but also an opportunity of forming therapeutic neutron beam with the best quality. As a result, a stationary tar get was chosen for the practical implementation, despite its complexity in manufacturing, but having an optimal quality. Lithium has a low melting point (182°C), low ther mal conductivity (71 W/m K in the solid state and 43 W/m K in the liquid state at the melting point), and high chemical activity. Neutron generation in the reaction 7 Li(p,n) 7 Be is accompanied by the formation of radioactive 7 Be isotope. The interaction of a proton beam with lithium leads to the generation of 0.478 MeV gamma quanta resulting from the inelastic scattering of protons on the nuclei of lithium, γ quanta with energies of [16] [17] [18] [19] MeV during the radi ative decay of the 8 Be nucleus in reaction 7 Li(p,γ) 8 Be, and α particles as a result of thermonuclear reactions 7 Li(p,α)α and 6 Li(p,α) 3 He with an energy yield of 17.347 and 4.021 MeV.
An optimal stationary target should have the fol lowing properties [93] .
(1) Neutron generating lithium layer should be thin enough for the protons slowed down to the threshold of neutron generation. This will significantly reduce the associated flow of 0.478 MeV γ quanta and reduce the surface temperature of lithium.
(2) Neutron generating lithium layer should be made of pure lithium for maximum neutron yield. The neutron yield from hydride, oxide, and lithium fluo ride is less than that of pure lithium by 1.43, 2, and 3.3 times respectively.
(3) Neutron generating lithium layer should be in a solid state to prevent the spread of lithium vapor and radioactive isotope beryllium 7 inside the setup.
(4) The substrate onto which the lithium neutron generating layer is deposited should be thin. This will allow researchers to put the optimum moderator close to the place of neutron production and create a thera peutic neutron beam of better quality.
(5) The substrate must be cooled intensively to maintain the layer of lithium in the solid state when it is heated by a powerful proton beam.
(6) The substrate must be resistant to radiation damage.
(7) The substrate should be simple to manufacture.
(8) The substrate should be easily removable for its utilization after activation.
To construct an optimal target, it was necessary to solve the following problems: (i) deposition of a thin layer of pure lithium of controlled thickness, (ii) ensuring effective heat removal to preserve the lith ium in the solid state when heated by a powerful pro ton beam, (iii) finding the substrate materials to be most resistant to radiation damage, (iv) developing the target design with the possibility of easy removal of the substrate of the target with an activated lithium layer, and (v) disposal of activated part of the target.
ENSURING EFFECTIVE HEAT REMOVAL At first, it was planned to manufacture the target with a diameter of 5 cm and a power of 25 kW of a pro ton beam. In this case, the only possibility to maintain the target temperature below the lithium melting point was cooling by liquid metal. Gallium and mercury provide about the same heat removal, but gallium was chosen for cooling since it requires a smaller pumping pressure [62] . The first variant of the target is a molyb denum foil of 0.2 mm thickness, and of 64 mm diam eter, bonded to the ribs of the disk of ARMCO steel by diffusion welding, in which the channels for coolant flow have been made [94] . The hydraulic tests con ducted have shown the reliability of welding to the edges of the foil up to a water pressure of 4 atm. Liquid metal cooling system has been developed, produced, and tested, including the pump for pumping liquid gallium, liquid metal circuit with switching devices, the heat exchanger, speedometer of the metal velocity, and indicator of pressure distribution. Magnetic clutch was manufactured, which provides non con tact torque transmission to mechanical pump that has been evacuated and filled with liquid metal volume of the liquid metal circuit. Thermal testing of the target cooled by water or liquid gallium was conducted on an ELV electron accelerator at an electron energy of 1.4 MeV and a power up to 20 kW [68] . Using water cool ing, the heat removal rate reached up to 650 W cm -2 . The cooling using liquid metal enabled researchers to maintain a lower temperature of the target surface, compared with water cooled one [88] . But during the tests, the destruction of target occurred, and through the holes formed in the foil and steel disc a portion of gallium flowed out. To clarify the reasons of the target destruction, a molybdenum foil was separated from the beam receiver made of steel. A significant corro sion of the ARMKO steel was found, but the molybde num foil corrosion was not observed. A possible reason of the damage of the target was the leakage of some amount of gallium through the notch for thermocou ple as a result of corrosion of a steel wall. Therefore, the use of liquid metal cooling led to the destruction of the target due to the lack of chemical resistance to gal lium of the ARMKO steel when heated.
Further prospect to ensure effective cooling was either in experimental finding of the materials resis tant to gallium for a long time, or in solving the prob lem of cooling with the use of water. The paradigm of using the target with a diameter of 5 cm was reconsid ered. Kononov performed calculations similar to those presented in [95] , at proton energies of 1.91 MeV and different diameters of the target [96] . It was found that an increase in the target diameter effec tively suppresses the dose of recoil protons on the sur face of phantom at an insignificant decrease in the therapeutic dose inside it, caused by reaction 10 B(n,α) 7 Li. Thus, an increase in the diameter from 5 to 10 cm decreases the dose of recoil protons on the surface of phantom by 25%, while the therapeutic dose reduces by 12%. Thus, increasing the diameter of the target causes a certain decrease in the dose rate, and enables researchers to apply water as a coolant to maintain the lithium layer in the solid state.
Thermal testing of the target made of a copper disc with a thickness of 5 mm with rectangular cooling channels with dimensions 3 × 2 mm, held tightly to a titanium housing, was conducted by using the Ohmic heater with a power up to 20 kW. Ohmic heaters were made of niobium or tantalum plate with a thickness of 0.1 mm, in which the strips of 2 mm width in the form of an Archimedean spiral were cut (with a gap of 0.2 mm) using the electric spark method (Fig. 12) . Then, using an electrochemical microarc method, the heater was covered with a thin layer of metal pentoxide (Nb 2 O 5 and Ta 2 O 5 ; 5-10 μm), providing an insulation voltage of no less than 300 V. The heater resistance is of the order of 1 Ohm. A current lead is provided using the molybdenum rods pursed by springs. The heater is powered by a stabilized source with a current up to 100 A. The heater is tightly pressed to the target through a BeO isolator 1 mm thick with small heat conductivity, hampering the cooling in other side. It should be noted that the use of stabilized power supply is necessary, except when there is significant compo nent of the AC, since the displacements of the heater lead to the abrasion of isolator and the breakdown of the heater. The target is cooled during the flow of dis tilled water in the channels at a speed of 5 m/s. The temperature of the target surface was measured with a thermocouple sandwiched between the insulator and the target in the disc recess. Figure 13 shows the results of the experiment. One can see three regimes of heat removal on experimental curve: (i) up to 250 W/cm 2 -turbulent water flow without boiling, in good agreement with calculation; (ii) from 250 to 400 W/cm 2 -turbulent water flow with bubble boiling, when the temperature is nearly constant; (iii) 450 W/cm 2 -turbulent water flow with film boiling when the cooling is disrupted and the tem perature quickly rises. When the density of heating power reaches 318 W/cm 2 , the target surface is heated up to 200°C at a water velocity of 3 m/s. This temper ature is somewhat less than the calculated tempera ture, since the mode of nucleate boiling was already implemented: this is detected not only by the plateau on the graph, but also due to the characteristic sound at the time of experiment. Of course, the heat removal with nucleate boiling is more efficient; however, to obtain a lower temperature and for safety reasons, the turbulent flow of cooling water without boiling should be taken as the working mode of cooling. An acciden tal local overheating can lead to nucleate boiling, but this will not lead to a significant increase in the tem perature. A rather extended plateau on the graph cor responding to the nucleate boiling provides almost double the power supply to the heating power, at which the failure of heat removal is possible. The thermal tests and calculations conducted make it possible to conclude with confidence that, during absorption of 25 kW proton beam in the target with a diameter of 10 cm, the lithium layer can be maintained in the solid state when cooling the target by turbulent water flow at a speed of about 10 m/s [97] .
RADIATIVE BLISTERING
Since the lithium layer in the neutron generating target is thin, the protons are not absorbed in it. They are only slowed down to an energy slightly lower than 1.882 MeV. Further slowdown and absorption of the protons occur in the substrate material on which a lithium layer is deposited. Major energy losses of pro tons are caused by the process of ionization of the atoms of substance, the cross section of which decreases with decreasing energy. Due to this, the pro ton loses the major part of its energy before the moment of stopping (Bragg's peak). Stopping of pro tons with energies of the order of 2 MeV has a nearly linear dependence: their total and projected ranges dif fer by no more than a few percent. Thus, the proton ranges with an energy of 2 MeV in Li equals 160 μm, 50 μm in Be, 44 μm in Al, 30 μm in Ti, 23 μm in V, and less than 20 μm in Fe, Cu, Mo, W [98] . In handbook [98] , along with the graphs of the range energy depen dence, the graphs of the projected ranges are also pre sented. Both graphs merge, starting from the energies of several hundreds keV for materials of light elements (Li, Be, C, Al, etc.) and from the energies of order 1-2 MeV for materials of heavy elements (Ta, W, Au, etc.).
The method of calculation of the longitudinal dis tribution of high energy ions in the matter was pro posed and described in [99] . In this work as an exam ple, the longitudinal stopping distribution of 1 MeV protons in 28 Si is presented, which shows that the width of this distribution at a half height of the maxi mum does not exceed 10%. Thus, in the case of monoenergetic beam, the protons are all practically absorbed at the same depth, forming the region of an increased concentration of hydrogen.
It is known [100, 101] that at the target irradiation fluences of 10 14 -10 17 ion/cm -2 the agglomeration of trapped gas atoms occurs, leading to the formation of gas bubbles and volumetric expansion of the material (up to 10-15%). With further irradiation (10 17 -10 20 ion cm -2 ), the saturation of implanted gas trapped in the solid body occurs, the surface layer can be deformed up to the formation of blisters (plate like domed swellings of the surface layer), and exfoliation of flakes occurs due to increasing the internal gas pressure and the lateral compressive stress. The appearance of developed sur face of the target can not only lead to an increased evaporation of lithium because of reduced thermal conductivity, but also makes the target unfit. In [100, 101] , the critical dose of hydrogen blistering (10 18 -10 19 ions/cm 2 ) is reported, and the authors stress that the hydrogen blistering is observed mainly for metals which poorly dissolve hydrogen (Al, Mo, Fe, Cu, Ag, W, Pt, Au). In metals which dissolve hydrogen well (alkaline, alkaline earth, Ti, Ta, Nb, V, Ni, Pd), the hydrogen blistering is typically not observed. At a current of 10 mA and 10 cm target diameter, the fluence rate equals 8 × 10 14 cm -2 s -1
. The lower boundary of the hydrogen blistering (10 18 cm -2 ) is reached in about 20 minutes, which is less than the scheduled time of exposure, so the blistering can sig nificantly limit the use of some materials as the targets. Since the experimental data on hydrogen blistering are extremely poor, and radiation damage of the target depends on many factors (type and energy of ions, the material and target temperature, gas solubility, crystal lographic orientation of the target) and can manifest itself in different ways (with the formation of blisters, flaking, swelling), further studies were necessary for selecting the optimum material of the beam absorber. In what follows we use the terminology [100] , when the term "blistering" means not only the bubble for mation, but also the processes of flaking and swelling. In addition to this, a radiative bubble formation is also called "blistering," but we do not consider the forma tion of bubbles on the surface of material which appear upon material processing in gaseous medium.
First, we note that the relationship between the critical blistering dose and the ion energy E is given in [100] . The dependence rises as E 0. 4 . Also in this work the plot of the critical dose of blistering as a function of the target temperature is given, showing the differ ences on the order of magnitude.
In addition to the ion energy and the target temper ature, the diffusion of hydrogen in material determines the critical dose for target operation. The characteris tic diffusion coefficients of hydrogen atoms in metals are shown in Table 2 . It can be seen that the diffusion of hydrogen in such metals as Fe, Ta, V, and Pd, is sig nificant, and we may hope to obtain high values of flu ence before blistering onset. In aluminum and copper, the diffusion of hydrogen is weaker and blistering is expected to be at a much less fluence. First, to study the development of the surface relief at the test bench, the copper and tungsten beam receivers were irradi ated by powerful pulsed proton beams up to fluences of 10 17 , 10
18
, and 10 19 cm -2 [96] . The beam receiver was intensely cooled with water. The energy of the proton beam in these experiments was 50 keV. The trajectories of protons with an energy of 50 keV are not so rectilin ear in the absorber compared to the protons with an energy of 2 MeV. Nevertheless, the appearance of the density maximum of the captured atoms is possible at a depth. Thus, the total range of 50 keV proton in cop per equals 0.45 μm, the projected range is 0.12 μm, and the standard deviation of the distribution is 0.075 μm [98] . Some inadequacy of this experiment is related not with scattering, which leads to a wider dis tribution of particles, but with low penetration depth comparable with the roughness of material. Hence, the surface of the beam receiver has been processed with diamond tools to obtain a mirror like surface. It was found that a fluence of 10 17 cm -2 does not result in any visible changes on the surface of receiver. The impact of a fluence of 10 19 cm -2 causes visible modifi cation of the surface: (i) the color of the tungsten receiver significantly changes while the copper receiver weakly changes the color; (ii) the copper surface irradi ated by protons becomes dull and scatters light well, while the tungsten surface remains a mirror like.
Next, the investigation of blistering during irradia tion of different metals was carried out (Ta, V, Pd, Fe, Cu, and W) using a proton beam with an energy of 100 or 200 keV, a current of about 1 mA, and the den sity of current about 1 mA cm -2 . The results were pub lished in [104] and they are shown in Table 3 . One can see that copper and tungsten are the least radiation resistant elements. Palladium, despite high diffusion coefficient for hydrogen, proved to be not resistant to blistering. The highest resistance to blistering is seen in α iron, vanadium, and tantalum. Similar experiments were also conducted at the Namur University (Belgium). The protons were accel erated up to an energy of 1.85 MeV, the most appropri ate for this study. However, because of the low beam current (4-7 μA), the proton beam was focused on the target into a small spot with an area of 0.01 to 0.1 mm 2 in order to achieve the desired fluence in a reasonable time. It was found that on such materials as Cu, Al, and W, the bubbles arise at a fluence of 2 × 10 19 cm -2 . On palladium, blistering was not observed at a flu ence of 6 × 10 19 cm -2 , but it was observed upon a fluence We estimate the critical dose of blistering for differ ent materials irradiated by protons with an energy of 2 MeV. Let's start with copper. Table 4 . Despite large variations in assessments of the critical dose of the hydrogen blistering in copper at a 2 MeV proton irradiation, the critical dose turns out to be an order of magnitude greater than the minimum value reported in [100] . With some degree of reliability we can assume that the critical dose of blistering in copper at 2 MeV proton irradiation has a value of 2 × 10 19 cm -2 . Analo gously to that, one obtains that the critical dose of blis tering under proton irradiation with an energy of 2 MeV in aluminum and tungsten has the same value as in copper, namely 2 × 10 19 cm In summary, Table 5 shows the irradiation time of a target with a diameter of 10 cm and a characteristic temperature near 150°C needed for production of blis tering in the proton beam with an energy of 2 MeV and a current of 10 mA. One can see that for all materials the onset time of blistering is greater than the planned time of therapy (1 h). Therefore, from the viewpoint of blistering, one can use almost any material as the sub strate material. However, under the conditions of oncological clinic, the substrates of copper have to be replaced after each patient or, at best, every day. The substrates of vanadium, tantalum, or pure α iron can be replaced much less often: once a month or once every several months.
Thus, radiation blistering restricts operation time of the target substrate, but it is not critical. During the therapy one can use both a copper substrate, which is easy to manufacture and has a better conductivity for effective heat removal, and the substrates of V, Ta, or α Fe, requiring much more frequent replacement. It is worth noting one more aspect, which is important in practical medicine. When using the substrates which are resistant to radiation blistering, a successive accu mulation of the radioactive beryllium 7 isotope will take place. Each patient, except the first, will receive an additional dose of the radioactive beryllium 7 iso tope, formed by irradiating previous patients. Though this dose is small, it is present. It can be avoided for each patient using a new copper substrate with freshly deposited layer of lithium.
GAMMA RADIATION
The inelastic scattering of protons by nuclei of lith ium is characterized by a cross section of 40-120 mb with resonances at energies of 1.05, 2.05, and 2.25 MeV, and results in significant γ quanta flux with an energy of 0.478 MeV, comparable to the neutron flux [107] . Table 6 shows the dependence of γ quanta yield on the proton energy for thick lithium target, in which the proton is completely stopped, and for thin target, in which the proton is moderated only up to 1.882 MeV-the threshold energy of the neutron gen eration. It can be seen that the use of thin target reduces an undesired γ quanta flux.
When using thin lithium target the proton absorp tion should be carried out in the matter in which reac tions (p,γ), (p,p/γ), (p,nγ), and (p,αγ) do not lead to an appreciable yield of γ quanta [108] . To determine the structural material of the substrate of neutron gen erating target with minimum yield of accompanying γ radiation, an experimental study of radiation under absorption of 2 MeV protons was carried out in differ ent materials. A specially manufactured vacuum vol ume was set instead of neutron generating target, con sisting of stainless steel pipes with an inner diameter of 100 mm and a wall thickness of 2 mm, the bottom of water cooled copper disc of 16 mm thick, and a quartz glass tube for monitoring the sample. On the bottom of the vacuum volume, various materials were placed predominantly in the form of thin discs with a diameter of 95 mm. By using a mag netic sweep, the materials were uniformly irradiated by a 2 MeV proton beam with a current of 500 μA. With the help of a web camera, the surface of the sample was monitored, as was, in some cases, the uniformity of scanning of the beam pattern when heated. The absorbed dose of electromagnetic radiation was mea sured using a spherical ionization chamber at a dis tance of 25 cm from the center of the sample, and neu tron radiation dose was measured by a DKS 96 dosimeter radiometer with a BDMN 96 detection unit at a distance of 50 cm. Since in the readings of the ionization chamber is a certain contribution of Bremsstrahlung radiation from the accelerator, to determine this contribution, the readings of another ionization chamber located at a large distance from the irradiated samples which measured the radiation only from the accelerator were used. It was determined that the dose rate increases linearly with increasing current. Table 7 shows the dose rates per unit current for all materials calculated by the least squares method with the use of linear approximation of experimental data. In addition, we draw attention to high radiation power from barium fluoride and lithium fluoride crys tals. To eliminate the errors, measuring doses were duplicated using a LB6500 3H 10 gamma detector (Berthold Tech.). These crystals were irradiated with a proton beam not because they are considered as the structural materials of the target, but for experimental verification of the possibility of generating a powerful flux of positrons [109] . It is known that in the interac tion of the proton with fluorine, the 20 Ne nucleus is formed, which disintegrates into α particle and 16 O nucleus in an excited state with an excitation energy of 6.05 MeV. Excitation is removed by emission of the electron positron pair. This reaction is written in the form 19 F(p,αe + e -) 16 O. Its cross section reaches a value of 0.2 b at a proton energy of 2 MeV. Figure 14 shows the spectrum of γ radiation upon absorption of pro tons with an energy of 2 MeV in barium fluoride. The spectrum was measured using a BGO γ spectrometer (the scintillator has a diameter of 80 mm and a height of 100 mm) located under the vacuum volume. One can clearly see the γ quanta with an energy of 511 keV born as a result of the positron annihilation. This property of generating intense γ quanta flux can be used for diagnostics of current or a current profile of the proton beam, for example, by measuring the dose of γ radiation when introducing a sample with fluo rine into the beam. Figure 15 shows the spectra of gamma radiation upon absorption of 2 MeV protons in structural mate rials, measured using a BGO γ spectrometer. The pro ton absorption in lithium leads to the generation of a monochromatic γ quanta flux with an energy of 478 keV. The corresponding experimental results are presented in [81] . Figure 15 shows that radiation from molybdenum and tantalum is almost completely absent.
A noticeable residual activity is detected on graph ite, titanium, and lithium fluoride. It was determined that graphite activation occurs due to the process 12 C(p) 13 N → β + (10 min) → 13 C; the activation of tita nium is due to the proton absorption by the 46 Ti and 47 Ti isotopes that is accompanied by the decay of the 47 V, 48 V nuclei, and the electron capture of 48 V [13] ; and activation of lithium fluoride occurs due to the production of radioactive 7 Be isotope in reaction 7 Li(p,n) 7 Be. Activation of titanium using a proton beam can also be used to measure the charge trans ferred by the beam.
It was found that irradiation of stainless steel, tita nium, and vanadium using the proton beam at an energy of 2 MeV leads to the neutron yield. The absorbed dose was measured by a DKS 96 dosimeter radiometer. For vanadium it equals 7000 μSv/(h m 2 mA), and is 25 times less for stainless steel. Generation of neutrons is confirmed by the presence of a charac teristic signal of detector caused by reaction 6 Li + n → 3 H + α + 4.785 MeV. The detector contains lithium GS20 scintillator 18 mm in diameter, and 4 mm in thickness (Saint Gobain Crystals, USA). Figure 16 shows the dependence of the counting rate of the detector in the region of the neutron peak as a function of the proton energy. These data allowed one to deter mine that the generation of neutrons from stainless steel occurs via the reaction 55 Mn(p,n) 55 Fe (1.034 MeV reaction threshold) owing to the presence of manganese as an impurity, reaction 49 Ti(p,n) 49 V (1.43 MeV reaction threshold), vanadium, and reac tion 51 V(p,n) 51 Cr (1.562 MeV reaction threshold). Since the threshold of these reactions is significantly lower than the threshold of the 7 Li(p,n) 7 Be reaction, the energy of neutrons in this case is higher than the energy of neutrons emitted from lithium. For this rea son, the application of these structural materialsstainless steel, titanium and vanadium-as the sub strate neutron generating targets is undesirable. The point is that the beam shaping assembly is optimized for moderation of neutrons emitted in the 7 Li(p,n) 7 Be reaction. It cannot provide an appropriate decelera tion of fast neutrons. As a result, an additional dose of unwanted fast neutrons appears during treatment.
Thus, it was found that absorption of 2 MeV pro tons in the molybdenum or tantalum is accompanied by the minimal dose of rays and γ radiation and does not lead to the generation of fast neutrons and residual activity. Previously it was determined that tantalum, vanadium, and α iron have a maximum resistance against the radiation damage (blistering) upon the absorption of protons with an energy of 2 MeV and a material temperatures of about 150°C. Thus, it was found that the optimal substrate material for lithium neutron generating target for BNCT with minimum flux of unwanted radiation and maximum resistance to radiation damage proves to be tantalum [110] . Figure 17 shows the scheme of the system designed and manufactured for vacuum deposition of lithium onto the substrate of the target. An industrially manu factured plate valve was used upon this fabrication. Heater 3 is placed on the plate of valve 2, and vaporizer with circular slit 5 is placed beneath the plate, inside of which lithium container 4 is installed. Before the dep osition, the valve disc moves into the proton tract and shifts in the direction of the target by 5 mm, using the mechanism of the valve seal. As a result of the shift, the plate is pressed against bellows 7, which limits the amount of deposition. Then, the heater is switched on and vapors of lithium are distributed through circu lar slit 5. As the bellows is thermally insulated and heated during the process of deposition, the deposi tion on the bellows does not occur. Deposition is car ried out only onto target substrate 6, which is water cooled.
VACUUM DEPOSITION OF LITHIUM LAYER
Testing of the deposited layer on the lithium target was performed at the vacuum test bench. Before depositing, lithium containers are placed into the heater [111] . The containers represent hollow thin walled closed aluminum enclosures filled with pure lithium. The fabrication procedure of lithium contain ers is as follows. Pure lithium (in sufficient amount) is stored inside a specially manufactured bellows in the robust housing. The volume between the bellows and enclosure is filled with oil. The oil pressure is raised by means of the plunger pump, the bellows is com pressed, and lithium pressurizing the plug escapes through the nozzle in the form of a wire with a diame ter of 4 mm. Lithium wire is cut into pieces and is wrapped tightly in an aluminum foil. Aluminum foil prevents the interaction of lithium with air and elimi nates the need to work in an inert atmosphere for load ing the lithium into the heater. After loading of the container with lithium into the valve plate and pump ing out to 10 -5 Torr, the heater is switched on. It is found that for lithium evaporation the container should not be heated to the melting point of aluminum 660°C: it is sufficient to heat to lower temperatures, for example, to 460°C. Most likely, lithium reacts with aluminum upon heating, and this alloy melts at a lower temperature. Since at this temperature the pressure of aluminum vapors is about 10 -12 Torr, and lithium is 10 -3 Torr, then only lithium evaporates. Vapors of lith ium go out through the circular hole with a diameter of 7 cm and a width of 0.6 cm that was cut beneath the damper plate (5 in Fig. 17) , and are deposited onto a cooled substrate of the target.
To measure the radial distribution of thickness of the deposited layer of lithium, a new methodology was proposed. The necessity of this proposal is related with the fact that, first, lithium is a very active metal and instantly forms the compounds in air, and secondly, many standard measurement techniques in vacuo are inapplicable because in the vicinity of the cooled tar get an evaporator with high temperature is placed. So, it is impossible to use the method of determining the mass of lithium sputtered onto piezoceramics by mea suring the resonance frequency of the ceramics, since the deposition process for ceramics is significantly dif ferent from the deposition onto the cooled copper substrate due to different temperatures.
The essence of the proposed method is to measure the electrical conductivity of the distilled water in which the lithium layers sputtered on thin precursors of the same material as the target are dissolved; these are in good thermal contact with the target during sputtering. The obvious advantage of this method, as was established, is that the electrical conductivity of water depends only on the mass of dissolved lithium and does not depend on whether the lithium is in pure form or it is a part of any compound (hydride, lithium oxide, or nitride). The measurements were carried out using a commercially fabricated device: an Anion 410 ion conductivity meter.
То determine the lithium layer thickness, thin cop per plates ("bystanders") were laid in the form of two crossed rows onto the cooled target 10 cm in diameter with a surface of 1 cm 2 , which have a good thermal contact with the target through the indium gallium connection. It must be noted that if the "bystander" is simply laid on the surface, a thicker layer is deposited due to higher temperature of the "bystander." After vacuum deposition, the working volume is filled with air. The target onto which the lithium has been depos ited is removed, and the "bystanders" are placed in water. The amount of lithium deposited on the "bystander" is measured via the water conductivity. It was found that the measured thickness distribution of the lithium layer is in good agreement with simple cal culation of collisionless scattering of lithium vapor from the circular hole. The thickness of lithium mea sured by this technique turned out to be in a good agreement with the results of direct micrometric mea surements. This means that the density of the depos ited lithium layer corresponds to the density of crystal line lithium (0.54 g/cm 3 ) [112] .
At the accelerator in Birmingham, a decrease in the neutron yield by 10% was earlier found after 3 h of operation and a dump of 2.8 MeV 1 mA proton beam onto the lithium target with a thickness of 1 mm and a diameter of 40 mm [113] . It was assumed that the pos sible reason for this could be the change in the compo sition of lithium layer as a result of its interaction with residual gas, since the neutron yield, for example, from lithium nitride, is smaller by factor of 1.66 than that of pure lithium.
Using the mass spectrometry of secondary ions, the distribution of elemental composition across the thickness of lithium layers exposed in various vacuum conditions was measured. To transfer the samples deposited by sputtering to a MIQ 256 setup of the sec ondary ion mass spectrometry (CAMECA RIBER, France), a special device with argon blowing was developed to prevent lithium interaction with an atmospheric air. The studies allowed one to determine that an experimentally observed decrease of the neu tron yield at the accelerator in Birmingham is not associated with the interaction of lithium with residual gas. By using the mass spectrometry of secondary ions it was found that the purity of the lithium layer and its resistance to the residual gas is sufficient for effective neutron generation [114] .
PROTECTIVE CONTAINER (IN A DEPTH) FOR HOLDING AND TEMPORARY STORAGE OF ACTIVATED TARGETS
One of the problems to be solved is associated with the target activation as a result of reaction 7 Li(p,n) 7 Be. Generation of neutrons in this reaction is accompa nied by the accumulation of radioactive 7 Be isotope in lithium layer. Efficient heat removal [97] makes it pos sible to maintain the layer of lithium in the solid state (below the melting point of lithium) when it is heated by a proton beam. Thus, the retention of radionuclide in the lithium layer and the absence of its spreading throughout the installation are provided. After achiev ing a certain magnitude of activity which prevents the conduction of experiments or therapy, or the target operation limit by exposure to the proton beam radia tion, it is supposed to remove the target and displace the part of the target, namely the beam receiver with lithium layer (6 in Fig. 17 ) into the protective con tainer for decontamination. This procedure seems to be optimal, because on the one hand, the half life of 7 Be (53.3 days) is not too large to implement a simple possibility of deactivation of the target in container in a natural way. On the other hand, this period is too long to perform short term operations for removing the target from installation and placing it into con tainer.
Two modes of neutron generation are used in the setup: standard mode with a proton beam energy of 2.5 MeV, and near threshold mode with an energy of 1.915 MeV. In the first case, the neutron yield is 8.9 × 10 12 s -1 at a proton current of 10 mA, and it is almost 30 times less in the second case [31] . From the stand point of the target activation, the worst mode of the neutron generation is at an energy of 2.5 MeV, which we will consider. Each neutron is associated with the formation of the 7 Be nucleus, which is transformed with a half life of 53.3 days into the stable 7 Li nucleus. In 10.3% cases, the decay is accompanied by the pho ton emission with an energy of 0.4776 MeV [116] . To evaluate the target activation, we assume that the source generates the neutrons not around the clock, but only 1/10 of the time, which seems to be quite real istic and even hardly achievable. The beryllium forma tion occurs with a time scale of 77 days and after a year the activity of 7 Be reaches a stationary value of 8.9 × 10 11 Bq, numerically equal to the rate of generation of neutrons at an average current of 1 mA. At such activ ity the target emits 9. /(s Bq) [117] . The saturated value of kerma equivalent of 7 Be after a year equals 6 × 10 3 μGr m 2 /h. At a distance of 2 m from the point source with such an activity, which is not sur rounded by any other materials, the kerma rate is equal to 1.5 × 10 3 μSv/h. In areas of temporary stay of personnel, the design equivalent dose for standard conditions, in accordance with OSPORB 99 [118] , is 12 μSv/h. Neglecting small (in our case) difference between the corresponding numerical values of the equivalent dose rate and the air kerma, one can see that we need to reduce the kerma by about 125 times. In accordance with universal data tables by Mashkov ich and Kudrjavtseva [117] (Tables 5.41 and 5.43), such weakening of an isotropic point source in an infi nite medium can be achieved by using a 3 cm of lead or 40 cm of concrete.
It has been proposed to fabricate the container for holding and temporary storage of activated targets in the form of long steel cartridge embedded in the ground, with an inner diameter of 219 mm and a height of 2 m, on the bottom of which (the bottom thickness is 10 mm) the activated targets are placed. A cartridge is covered with a lid on the top, which is a sandwich of a steel disc with a thickness of 10 mm and a diameter of 280 mm (by 60 mm larger than the outer diameter of the pipe), and a thick disk of lead mounted on it, the final thickness of which to be taken after fur ther calculations. Design of the cover should provide sealing to avoid the inlet of moisture and heavy inert gas, if necessary. A feature of the proposed configura tion of container is that onto the protective cover (on the bottom), in addition to direct flux of photons with an energy of 0.4776 MeV from the targets, a sig nificant amount of radiation comes from being scat tered by a steel wall of the container tube and the adja cent ground. In addition, multiply scattered radiation flux of the soil coming out of the floor surface in the immediate vicinity of the perimeter of the protective cover can also exert a significant influence on the for mation of the radiation field above the container. In this situation, the results of simple preliminary esti mates of protective requirements which were obtained using the universal tables by Mashkovich and Kudrjav tseva [117] seem to be insufficiently correct. To ade quately account for the geometric features of the pro posed variant of container, the simulation of gamma radiation transport was carried out using the PRISMA program and Monte Carlo method [115] . For this pur pose, the radial distribution of dose above the con tainer at a height of 0.5 m from the floor for four values of the thickness of the disc, namely 30, 40, 50, and 60 mm, was computed [119] . It is found that the lid of the container with a lead disk of 50 mm thickness would allow researchers to retain the dose rate at a level no more than 2 μSv/h, which is acceptable. A technical project for the container and temporary storage of activated targets was developed and coordi nated on the basis of the calculations. In the bottom room of the hopper in which the accelerating neutron source was mounted, a hole was made in the concrete floor, and a dimple was drilled in which the tube with welded bottom was inserted. Free space around the pipe was closed by the soil and concreted on the top. The pipe was installed with slight elevation above the floor and was closed by the lid. The warning system was mounted on the opening of the lid and the fence was set. As a result, creation of such protecting con tainer for holding and temporal storing of activated targets makes it possible to solve the problem of the target activation being necessary in long term genera tion of neutrons [119] .
CONSTRUCTION OF THE NEUTRON
GENERATING TARGET Using the results of the studies, a neutron generat ing target was fabricated [93, 120] which is currently used to generate neutrons. Since this system is com bined with the system of lithium deposition, its general and isomeric schemes are shown in Figs. 17, 18 . An important element of the target is the beam receiver with thin lithium layer deposited. The beam receiver is made of copper in the form of a disk with a diameter of 122 mm and a maximum thickness of 8 mm (proton beam irradiates the surface with a diameter of 100 mm). A spherical recess of 2 mm depth was made in the disc from the side of the proton beam with a radius of 626 mm to prevent the deformations under the action of pressure of cooling water. Four spiral channels with a depth of 3 mm and a thickness of 6 mm were made from the back side. The beam receiver is tightly pressed to the enclosure of the target. The cooling water is introduced tangentially into the inner cavity of the body of the target, is unwound as the cyclone, is sent into the channels of beam receiver through the aperture in the center, and then flows out wardly along the bifilar spiral channels. At a pressure of 2 atm of distilled water at the inlet channel of the beam receiver, a turbulent flow of water is imple mented (Reynolds number 4 × 10 4 ) with a speed of 10 m/s to provide the desired heat removal and to keep the lithium layer in the solid state up to 25 kW of heat ing power. In this case, the water consumption equals 3.5 m 3 /h, and the water is heated by 8°C.
The target unit is made of a stainless steel and is attached to the installation by means of a bayonet con nector (Fig. 19) . The bayonet connector allows one to quickly remove the target unit, by turning it to release the beam receiver with lithium layer. Simplicity and rapidity of the substrate release is required to minimize the dose obtained by personnel when removing the beam receiver activated by berillium 7 after neutron generation and placing it inside the closed recessed container for holding and temporal storing.
The results obtained in the development of neu tron generating target were used in many projects in their manufacturing. At the KURRI (Osaka, Japan) cyclotron neutron source, the beam receiver exactly duplicates the source developed in [121, Fig. 3 ]. In the American project of linac, the target is modified in the form of the cone [122] . In the project of the IBA Co., the target consists of two inclined plates [53] , and of one inclined plate in the Korean project [123] ; all the projects have nearly same parameters.
THE BEAM SHAPING ASSEMBLY
Despite the fact that the 7 Li(p,n) 7 Be reaction allows one to generate the softest spectrum of neu trons, it is necessary to moderate them for the use in BNCT. Ideally, the neutrons should have the energies in the range of 10 keV. To form therapeutic neutron beam, the beam shaping assembly is used (BSA), com prising a moderator, reflector, absorber, and filter (in some cases). Over the last ten years, a possibility of manufacturing lithium target has become apparent. For the 7 Li(p,n) 7 Be reaction, BSA has been optimized by several research groups using the proton beams with energies from 2.3 to 2.8 MeV [124] [125] [126] [127] [128] [129] [130] [131] [132] . At the same time, standardization of the calculations has occurred (for their comparison). As the phantom, wherein the transport of neutrons, γ quanta and their doses were calculated, almost all researchers began to use the modified Snyder head phantom [133] : three ellipsoids nested one into another with different compositions of elements which are as close as possible to the compo sitions of skin, bones, and brain. In the calculations, the values of relative biological effectiveness (RBE) are used [134] . For brain tissues, RBE equals 1.0 and 3.2 for photons and neutrons, respectively. The combined biological effectiveness (CBE) equals 1.35. For tumor, RBE is the same, while CBE is equal to 3.8.
When calculating doses for the modified Snyder phantom, the following processes are taken into account. The first is the process of neutron absorption by boron with the energy release of 2.79 MeV. In 6.1% cases, the energy is distributed only between the nuclei of lithium and α particle; in 93.9% cases the lithium nucleus is emitted in an excited state and emits γ quantum with an energy of 0.48 MeV. The second pro cess is the neutron capture by the nuclei of hydrogen, leading to the formation of deuterium and the emis sion of γ quantum with an energy of 2.2 MeV. Third is the occurrence of recoil protons from the interaction of predominantly fast neutrons with nuclei of matter, preferably hydrogen, and absorption of neutrons by the nuclei of nitrogen with an energy release of 580 keV. The γ quanta flux is taken into account rather frequently, but the dose caused by the neutron absorp tion in chlorine is nearly always neglected due to its smallness. Thus, the following components of doses are separated from all the processes, including those quanta which arise under neutron absorption by boron and hydrogen and those which escape from the target, the system of beam formation, and other construc tions: (1) so called "boron" dose (from α particles and lithium); (2) fast neutron dose (from recoil pro tons under elastic neutron scattering); (3) dose from neutron absorption by nitrogen (also as a result of pro duction of recoil protons), and (4) dose of γ quanta. It was found that the moderator should be made of material with the highest concentration of fluorine because only fluorine has a significant inelastic neu tron scattering cross section at energies below 1 MeV, which provides rapid moderation of neutrons to ener gies of about 100 keV. Of course, the hydrogen moder ator also effectively reduces the energy of neutrons, but the neutron spectrum formed is largely shifted to thermal energies and it is impossible to obtain perfect narrow spectrum of energies from 1 to 30 keV with the use of such neutrons. An optimum moderator may be made of magnesium fluoride, lithium fluoride and aluminum fluoride, or PTFE (polytetrafluorethyl ene). Lead and graphite are used for the reflector. The absorber may be polyethylene with the addition of boron or lithium. Such BSA for a proton beam with an energy of 2.5 MeV and a current of 10 mA provides a dose rate of 1 Gy/min, the depth of treatment provides up to 10 cm, and therapeutic ratio provides up to 6. This is acceptable for BNCT.
This mode of neutron generation in the reaction 7 Li(p,n) 7 Be at a proton energy of 2.5 MeV was also computed by us. Numerical simulation of the trans port of protons, neutrons, and gamma radiation was carried using the Monte Carlo program PRISMA [135] , the database of ENDF/B VI cross sections and the constants from reference book [136] . As in the above calculations, the therapeutic neutron beam and proton beam are collinear. This geometry will be called "standard." Figure 20 shows a schematic diagram of the BSA, and Fig. 21 displays the neutron spectrum. The depth distribution of dose is shown in Fig. 22 , and Fig. 23 shows the total dose distribution in the modi fied Snyder head phantom. In the calculations, the concentration of boron 10 in a healthy and tumor tis sue was assumed to be 15 and 52.5 ppm, respectively. One can see that the results obtained are similar to those described above, namely a dose rate of 1.5 Gy/min, a therapy depth of 11 cm, a therapeutic ratio of 5, and an average neutron energy of 4 keV.
Be reaction is characterized by an extremely rapid growth of the cross section near the threshold, and therefore the use of near threshold generation regime seemed to be very attractive when due to the kinematic collimation the neutron flux is directed toward and having a low mean energy of 40 keV. Despite the relative softness of the spectrum, these neutrons are not suitable for BNCT because a contribution of fast neutrons to the dose prevails, and it is necessary to moderate these neutrons. Since the neutron flux is clearly directed forward, it is required that the moderation of the neutron spectrum occurred without appreciable scattering, because the latter reduces the dose. As shown by calculations [137, 138] , the use of hydrogen containing moderator is possible, but the depth of treatment is small because of the intense neutron thermalization. The best quality neu tron beam can be obtained using a set of filters. With the help of two series mounted filters of magnesium fluoride and aluminum, the high energy neutrons undergo scattering, while all other neutrons pass through the filters. Further, a slight moderation of neutrons occurs in polyethylene and their spectrum is shifted to lower energies. Then, the high energy neu trons are scattered again using the aluminum filter, and the final formation of the right wing of the spec trum is performed by means of the titanium filter. Thus, the scattering of high energy neutrons allows one to create a softer neutron spectrum without signif icant loss in the flux. In [139] , the authors presented the calculation results corresponding to the following geometry. Moderator filter with a thickness of 46 mm was placed directly behind the target and has been made of 6 layers 6 Li (1 mm), MgF 2 (6 mm), Al (9 mm), C 2 H 4 (16 mm), Al (9 mm), and Ti (5 mm). The target and proton transport line were surrounded by the graphite reflector with a thickness of 50 mm, and the absorber of borated polyethylene had a thickness of 50 mm with lead cylinders of 10 mm thickness. The obtained dose rate was equal to 1 Gy eq/min, the depth of treatment was 7 cm, and the therapeutic ratio was 2.5. Although all these parameters are below those in the standard mode, the near threshold mode has the advantage that it effectively uses the generated neutrons: namely the neutron yield is 10 times smaller than in the standard mode, while the dose is smaller by only 1.5 times.
The best quality therapeutic neutron beam can be obtained using the neutrons emitted perpendicular to the protons as they initially have a softer spectrum than in the standard mode. By turning the moderator by 90° and having surrounded it by reflector (Fig. 20) , we obtain an increase in the dose rate by 2 times, up to 3 Gy/min, and the depth of treatment increases up to 12 cm, but with the simultaneous deterioration of the therapeutic ratio up to 4. This change is due to a harder neutron spectrum, since their average energy increases up to 14 keV. Due to a harder spectrum, the dose rate has grown in normal tissues on the surface of skin and reached a maximum value (in a depth). However, the orthogonal mode brings a new quality to the therapy, allowing technicians to perform the exposure of a patient at any angle by simply rotating the BSA (Fig. 24) , i.e., irradiating different areas of skin and thus improving the therapeutic ratio. Also, this system makes it possible to direct neutrons under such an angle at which the therapy of specific tumor gives the maximum effect [140] .
GENERATION OF NEUTRONS
Neutron production occurs when dumping the proton beam onto the lithium target. The neutron yield was measured by two methods [81, 141] . In the first method we used the fact that the production of each neutron in the reaction 7 Li(p,n) 7 Be is accompa nied by the formation of radioactive 7 Be nucleus with a half life of 53 days. The total neutron yield was determined by the residual activity of lithium target when measuring the rate of beryllium disintegration in the target removed after the end of neutron generation and mounted above a NaI γ spectrometer.
In the second method, the neutron activation in the NaI scintillator of γ spectrometer was used, since epithermal neutrons are captured efficiently by the natural iodine 127 isotope (resonance integral of cap ture equals 140 b). The resultant 128 I isotope decays with a half life of 25 minutes. In 6.4% cases, the decay occurs due to the electron capture without any radia tion; in 93.6% cases, the β -decay occurs with the emission of an electron with an energy up to 2.12 MeV. After the end of neutron generation, the residual activation was registered, which is character istic for the β -decay of nuclei of the scintillator itself. The measurements and Monte Carlo calculations of the activation rate of the NaI detector made it possible to determine the neutron yield. In both cases the experimental results are in a good agreement with the calculated [32] , namely 1.1 × 10 11 n/mC at a proton energy of 2 MeV.
The neutron spectrum was also measured by using two methods. The BDT and BD100P bubble detectors (Bubble Technology Industries, Canada), which are sensitive to thermal and fast neutrons, were used for primary analysis of the neutron spectrum. The number of bubbles formed in the BDT detector turned out to be 15-20 times higher than in the BD100R detector, in agreement with the calculated spectrum [141] . With a good level of details, the energy spectrum of neutrons was measured by the time of flight method [85] when generating short pulses of neutron radiation and neu tron detection by a remote detector (Saint Gobain Crystals) with lithium containing scintillator GS20. To create short bursts of neutrons, a new technical solution [142] based on the use of threshold character of the cross section of the 7 Li(p,n) 7 Be reaction was proposed and implemented. The idea recalls the famous "method of flashing accelerator." When the energy of the proton beam is below the threshold of the 7 Li (p,n) 7 Be (1.882 MeV) reaction, neutron gener ation does not occur. When a short (200 ns) pulse of negative voltage (40 kV) is fed to the neutron generat ing target being electrically insulated from the installa tion [143] , the proton energy is increased up to 1.915 MeV, which leads to an outbreak of neutron radiation. The measured neutron spectrum is shown in Fig. 25 . An accuracy of the measurements is 5% in the range of low neutron energies and 20% at higher ener gies. The calculated neutron spectrum [144] is also shown in Fig. 25 for comparison.
Characteristic features of the spectrum on the graph are shown with numbers. A pronounced dip in the neutron flux in the range of 300-400 eV, marked with number 1, is associated with neutron scattering by the 55 Mn nuclei, which are present in the composi tion of stainless steel in an amount of about 2%. In this energy range, the neutron scattering cross section on the 55 Mn nuclei has a fairly broad peak with a maxi mum of 3232 b at an energy of 340 eV. Numbers 2 and 3 in Fig. 25 mark the peaks of neutron flux, which are due to free passage through the iron, since at energies of 24.5, 72.9, and 82 keV the scattering cross section of neutrons on 55 Fe nuclei is three orders of magnitude less than the characteristic cross sections in this energy range. It can be seen that the experimentally measured spectrum agrees well with the calculated one, exclud ing a range of 1 to 20 keV. The measured neutron flux has an average energy of 13 keV and even better corre sponds to the "ideal spectrum" of neutrons for BNCT [7, pp. 43 and 65] than the calculated spectrum. Measurement of spatial distribution of the dose rate of neutron radiation was measured using a DKS 96 dosim eter radiometer with a BDMN 96 detection unit. It was determined that the dose rate decreases with the distance squared and has a small permanent value related to the contribution of the reflected neutrons. The measured value of the dose rate is about 2.5 times higher than the calculated, which may be associated with a relatively soft spectrum of the generated neu trons. For the same reason, one obtains even higher readings using a DVGN 01 individual dosimeter of mixed radiation [146, 147] . Measurement of the angu lar distribution of the dose rate confirmed the direc tionality of neutron flux: the dose rate in the direction of 35°is reduced by 13% and by 2.7 times in the direc tion of 90° to within 10% accuracy.
Measurement of spatial distribution of gamma radiation was carried out using a pair of γ detectors LB6500 3H 10 (Berthold Technologies, Germany). In this case, the dose also decreases with distance squared and has a small permanent value related to the contribution of bremsstrahlung from the accelerator. But in contrast to the measurement of the neutron dose rate, the measured dose rate of γ radiation agrees well with the calculated one. It is important to note that the contribution of γ radiation from the target is about 1/60 of the calculated dose in the tumor. Thus, a thin lithium neutron generating layer reduces the contribution of an undesirable γ radiation from the target to an acceptably small magnitude.
INVESTIGATION OF THE EFFECT OF NEUTRON RADIATION in vitro
The effect of epithermal neutrons on the viability of tumor cells has been studied at the set up using the cell line of human glioblastoma U87. Analysis of the cell viability after irradiation was carried out using specific staining with trypan blue, and the flow cytometry was studied using propidium iodide. An increase in the number of dead cells with increasing dose of neutron radiation was established. It is shown that the effect of neutrons on the cells of human glioblastoma U87 leads to their death, probably by increasing the apoptotic process [148] . Then, the investigation was repeated, with the difference that a part of the U87 cells were enriched with boron by incubation in the medium of boron phenylalanine enriched with boron 10 isotope, the former being in an optically isomeric form L (BPA). The test samples were placed in the phantom of plexiglas at a depth of 3 cm and on the surface, and subjected to neutron irradiation. Analysis of the clo nogenic cells and investigations with the use of stain ing by Hehst showed that after two weeks after irradia tion, the phantom cells placed inside the phantom without boron were hardly damaged, but all the cells with boron were killed [149] . This fact clearly demon strates the effect of BNCT selective destruction of cells enriched with boron 10. The cells without boron, placed on the surface of the phantom, were partially damaged because of the larger dose of fast neutrons. The fact that the part of cells with boron placed on the surface of the phantom has survived is explained by the smaller dose due to the resulting lower density of ther mal neutron flux.
BNCT ACTIVITY PLAN
As shown earlier, the highest quality of therapeutic neutrons can be obtained with an orthogonal beam formation system at an energy of the proton beam 25 . The measurement results of the neutron spectrum: the columns show the calculated spectrum of neutrons, the line shows the measured spectrum, the numbers 1-3 indicate the characteristic features of the spectrum. from 2.3 to 2.5 MeV. The beam current required for therapy for one hour should be not less 3 mA. To achieve the required parameters of the proton beam (energy increase by 20% and current increase by 2 times) and formation of neutron flux that satisfies the requirements of BNCT, the following works are planned. First, the replacement of glass vacuum rings of the bushing by the rings of polycarbonate was pre pared, which are characterized by the developed outer surface, in order to increase high voltage strength of vacuum gaps. Second, to increase the proton beam current, it is supposed to improve the vacuum condi tions by installing a cryogenic pump at the accelerator entrance and upgrading the stripping gas target, and also by replacing the source of negative hydrogen ions by new source with higher current, already con structed and tested. Third, the neutron generating target will be replaced by a new thin tantalum target with remote system for lithium layer deposition. Fourth, the beam shaping assembly will be fabricated, protected by RF patent [150] . Implementation of these works will allow researchers to come closer to the carrying out BNCT on the setup. In order to construct a truly compact accelerator neutron source for BNCT, it is suggested to integrate the high voltage power supply inside the tandem accelerator with vacuum insulation [151, 152] . The use of modern element base will allow researchers to fabricate sectional rectifier which is significantly smaller than that shown in Fig. 5 , and mount it inside the insulator. Figure 26 shows the design of the new compact medical setup.
MONOENERGETIC NEUTRON SOURCE
Currently, a number of experimental observa tions-namely rotation curves of galaxies [153] , grav itational lenses [154] , temperature fluctuations of relict radiation [155] , and an abundance of light nuclei [156] -point to the possible existence of "dark mat ter" constituting the bulk of the universe. Most suit able candidates to explain totality of the data are con sidered to be weakly interacting particles (WIMPs) [157] . These nonrelativistic particles represent the particles of cold dark matter, their mass lies in the region of 10 GeV, and they can be found since the Earth moves relative to the center of the galaxy, and cold dark matter is thought to be motionless. There are currently some signals registered by different detectors which may be associated with the ionization of atoms of detection medium caused by the interactions with WIMPs [158] [159] [160] . Since the solar system revolves around the center of the galaxy at a speed of 220-250 km/s, and the Earth revolves around the Sun at a speed of 30 km/s, the transferred momentum is not more than a few keV. For the interpretation of the results, it is necessary to know what part of the total recoil energy goes to ionization (quenching factor). It can be measured via the scattering of monoenergetic neutrons with energies of tens keV. Monoenergetic neutron beams used in metrology purposes overlap the range from 2 keV to 390 MeV. To obtain the neutron beams with energies of 2, 8, 24, 27, 70, and 144 keV, reactions 7 Li(p,n) 7 Be and 45 Sc(p,n) 45 Ti are primarily used, or the nuclear reactor with an iron filter is [161] [162] [163] .
A method of forming the beam of monoenergetic neutrons with almost any energy was proposed in [164] . It is applicable to calibrate the detectors of weakly interacting particles with liquid argon as the working medium [165, 166] . Generation of neutrons occurs in the reaction 7 Li(p,n) 7 Be in the process of dumping of a proton beam with an energy of more than 1.882 MeV on lithium target. In the case of small energy change of a monoenergetic proton beam pass ing neutron generating layer, the energy and the angle of neutron emission are unambiguously determined by the kinematic relations. Figure 27 shows the relation ship between the neutron energy in the laboratory sys tem of coordinates and the polar angle of emission at different proton energies [32] . One can see that at a proton energy above a threshold of 1.882 MeV, but below 1.920 MeV, the neutrons are emitted only in the forward hemisphere and are characterized by two monoenergetic lines. At proton energies above 1.920 MeV, neutrons are emitted in all directions and are characterized by only a single monoenergetic line.
From Fig. 27 we can see that by varying the energy of the proton beam and an observing angle (greater than 90°), one can create a monoenergetic neutron beams with any energy. Monochromaticity of neutrons depends on the thickness of lithium layer, because the protons are slowed down when passing through it, and the energy of the emitted neutrons decreases. For example, at a thickness of 1 μm and an energy of 2 MeV, the proton monochromaticity is 2%. Mono chromaticity also depends on the solid angle. At a pro ton energy of 2 MeV and an emission angle of 110°, 1°d eg variations of the angle lead in the 2% broadening.
OTHER RANGES OF APPLICATION
Replacement of hydrogen by deuterium in the source of negative ions of the accelerator makes it pos sible to get the beam of deuterium, but with a slightly lower current. By dumping a beam of deuterium onto lithium or beryllium target, a powerful flux of fast neu trons is generated, which can be used for the fast neu tron therapy. This method of treatment of cancer has long been known and used, but is still not widespread for various reasons.
It was also proposed to use fast neutron flux for modifying the technique of dating the rocks contain ing uranium. It is known that natural uranium consists mostly of the 238 U isotope (abundance of 235 U is 0.7%), which determines radioactivity of natural ura nium along with the daughter nuclide 234 U. As a result of spontaneous fission of uranium in rocks, tracks are formed which are visible and measurable after chemi cal etching. One of the methods of determining the age of rocks containing uranium is based on the com parison of the number of tracks in rocks formed over the centuries, with the number of tracks in muscovite tightly glued to the sample and irradiated by thermal neutrons along with the sample. In this case, musco vite is an external detector and allows one to visualize the tracks induced by the uranium fission. Only the fis sion of 235 U occurs under irradiation by thermal neu tron flux, and one needs to have the abundance ratio of isotopes for dating the rocks. It was proposed to place the samples of uranium containing rocks with musco vite detector into fast neutron flux. In this case, mostly the induced fission of 238 U occurs, instead of 235 U, and information on the abundance ratio of iso topes is not required. The inelastic scattering of protons by the nuclei of lithium leads to the generation of monochromatic γ quanta with energies of 478 keV. Therefore, at an energy of the proton beam below the threshold of neu tron generation, the setup can be a source of mono chromatic γ quanta.
The next application is associated with the devel opment of operational methods of detection of explo sives and drugs. By dumping the proton beam with an energy of 1.747 MeV onto the target of the carbon 13 isotope, the nitrogen nucleus is excited with an energy of 9.172 MeV as a result of the resonant reaction 13 C(p) 14 N*, and the nitrogen nucleus acquires a kinetic energy of 125 keV. The excitation is removed by the γ quantum emission, the energy of which depends on the angle between the direction of emission and momentum of the excited nitrogen nucleus due to the Doppler shift. γ Quanta, which are emitted at an angle of 80.7 ± 0.35°, have an energy of 9.17 MeV and can be resonantly captured by nitrogen. Thus, under the conditions of near threshold generation, when the production of γ rays occurs only due to the protons which changed the direction in the material, in the laboratory frame, the γ rays resonantly captured by nitrogen are emitted at an angle of 80.7° with respect to the proton beam. The γ quanta emitted at different angles have a slightly different energy, and they are captured by nitrogen out of resonance. Simultaneous measurement of attenuation of the γ quanta reso nantly captured by nitrogen and the nonresonantly captured quanta makes it possible to quickly identify the nitrogen containing substance in the baggage or container. The graphite target enriched by carbon 13 isotope and the goniometer with the system of colli mators have been constructed and installed. Genera tion of γ quanta by damping the proton beam on the graphite target was carried out. The resonance absorption of γ quanta with an energy of 9.172 MeV in nitrogen was measured using a BGO gamma spec trometer [82] .
When passing the proton beam through the lith ium, in addition to neutrons and γ quanta, high energy α particles are also generated in reactions 7 Li(p,α)α and 6 Li(p,α) 3 He with an output energy of 17.347 and 4.021 MeV. The flux of α particles is com parable to the neutron flux. In addition to the genera tion of α particles in lithium target, a trial generation of α particles in boron target was also carried out. Reaction 11 B(p,α)αα has long been known [167, 168] , but in recent years the interest in it has increased con siderably because of the possibility of using it in mod ern neutronless fusion reactors [169] . This reaction is commonly referred to as the low active fusion reac tion, suitable for the production of fusion energy (heat) [170] , and it is suitable for direct conversion of the α particle energy into electric energy [171] . Since the accuracy of the available data on the cross section of the 11 B(p,α)αα reaction and the spectrum of α par ticles is insufficient to design the fusion reactor [172⎯174], accurate measurement of the reaction cross section and the spectrum of α particles is an urgent task. These measurements can be carried out after manufacturing specialized target and the metrol ogy system of spectrometry.
At an interaction of the proton with fluorine, the 20 Ne nucleus is formed, which decays into α particle and 16 O nucleus in the excited state with an excitation energy of 6.05 MeV. The excitation is removed by the electron positron pair emission. This reaction can be written as 19 F(p,αe + e -) 16 O; its cross section is equal to 0.2 b at an energy of 2 MeV. Using the accelerator with the SF 6 gas target allows one to create a powerful source of positrons suitable for use in a number of applications, including diagnostics and measurement of the electron density in materials [109] .
CONCLUSIONS
A promising method of treatment of many malig nant tumors, especially incurable brain tumors, is the boron neutron capture therapy (BNCT), which is extremely attractive due to selective action directly on tumor cells. It is expected that soon a great number of accelerator sources of epithermal neutrons for BNCT will be created for the widespread introduction of this technique in clinical practice. One such source could be an original accelerator based source of epithermal neutrons, created in BINP, to which a special atten tion was attracted in this work. A new type of particle accelerator-the electrostatic tandem accelerator with vacuum insulation-is characterized by high rate of acceleration of charged particles. Moreover, the iso lator on which the intermediate electrodes are mounted is located far away from the path of the ion beam. The accelerator is also characterized by large energy stored in the accelerating gaps and has a strong electrostatic lens at the entrance. A stationary proton beam with an energy of 2 MeV and a current of 1.6 mA was obtained at the accelerator. The beam is charac terized by the high energetic monochromaticity (±0.1%) and stability of current (±0.5%).
A neutron generating target, optimal for the for mation of epithermal neutron flux that satisfies the requirements of BNCT, was developed and experi mentally investigated. The formation of an orthogonal neutron beam provides its high quality for the use in BNCT, allowing to direct the neutron beam at any angle and to irradiate the patient from all the sides.
We carried out the neutron generation and experi mentally measured the neutron flux during the target activation by the 7 Be isotope and the NaI scintillator of gamma spectrometer. The neutron spectrum was measured by using BDT and BD100R bubble detec tors, and the time of flight method by using a new technical solution: generating short pulses of neutron radiation. Spatial distribution of the neutron dose was measured by the dosimeter radiometer.
The flux of the generated epithermal neutrons pro vides selective destruction of malignant tumor cells incubated in the boron phenylalanine medium in vitro.
A new concept of the compact medical installation for BNCT is proposed. In this system, an orthogonal beam of neutrons is formed and a high voltage power supply is placed inside the insulator of accelerator.
A new method of forming monoenergetic neutron flux is proposed, in which the dependence between the neutron energy and the angle of their emission from thin lithium layer in reaction 7 Li(p,n) 7 Be is used. The possibility of using this method for calibrating the detectors of weakly interacting particles is established.
Tandem accelerator with vacuum insulation and specialized targets makes it possible to carry out the generation of fast neutrons for neutron therapy and for dating rocks; monochromatic gamma rays and reso nance gamma rays for the development of operational methods of detection of explosives and drugs; and α particles for investigating promising neutronless thermonuclear fusion reaction 11 B(p,α)αα and the positron generation.
